We studied electric field modification of magnetic properties in a Pt/Co/AlO x trilayer via magneto-optical Kerr microscopy. We observed the spontaneous formation of labyrinthine magnetic domain structure due to thermally activated domain nucleation and propagation under zero applied magnetic field. A variation of the period of the labyrinthine structure under electric field is observed as well as saturation magnetization and magnetic anisotropy variations. Using an analytical formula of the stripe equilibrium width we estimate the variation of the interfacial Dzyaloshinskii-Moriya interaction under electric field as function of the exchange stiffness constant. * Electronic address: bernandm@insa-toulouse.fr 1 arXiv:2001.11982v1 [cond-mat.mtrl-sci] 31 Jan 2020
I. INTRODUCTION
Electric-field (EF) control of magnetism in metals is currently an actively expanding field of study, motivated by potential applications in low power spintronics devices. The magnetization of metallic magnetic materials in spintronics devices can be manipulated using magnetic field or spin-polarized currents flow. The ability to control the magnetic properties of a system using a gate voltage is a promising technique which could lead to the development of EF-assisted magnetization switching devices. Since the first experimental demonstration of EF control of coercive field in a FePt thin film by Weisheit et al. [1] , lots of studies have been conducted with the final intention of finding the best conditions for functional devices. Significant variations in the magnetic anisotropy energy under EF application have been observed by many groups [2] [3] [4] [5] [6] [7] , as well as EF variation of T c in ultrathin films [8] [9] [10] . Recently, the EF impact on the exchange stiffness parameter A ex has been addressed experimentally [11, 12] and theoretically [13] . In these systems, a dielectric oxide layer is present at the top surface of the ferromagnet to allow the application of an EF in a capacitor geometry. This induces a broken spatial inversion symmetry for the ferromagnetic thin film. The presence of these non-identical interfaces is the source of an antisymmetric type of exchange, the Dzyaloshinskii-Moriya interaction (DMI), which has been shown to be a source of chiral spin textures in Pt/Co/AlO x for instance [14] . The interfacial origin of this DMI and its consequences in spin textures in ultrathin films make DMI another interesting EF tunable parameter. However, distinguishing EF modulation on DMI from other contributions is not straightforward as direct access to DMI is difficult. In addition to theoretical predictions for ultra-thin samples [15] , several experimental studies have reported a change in the DMI factor under EF application [15] [16] [17] [18] [19] [20] . This control was shown for relatively thick layers of Fe (20 nm) [16, 20] In this work, we analyzed labyrinthine domains (also referred to as stripe domains) in samples of Pt/Co/AlO x presenting large DMI values [14, 21] . A reversible evolution of the labyrinthine magnetic domain configurations under EF is observed. We also report an EF variation of the saturation magnetization and anisotropy field. The analysis of the variation of equilibrium stripe width allowed us to estimate the EF variation of the DMI term D. We stress here that this estimation strongly depends on the assumptions made on the exchange constant value.
II. SYSTEM DESCRIPTION AND CHARACTERIZATION
Our system is a Pt(3 nm)/Co(0.6 nm)/AlO x sputtered trilayer, presenting a gradient of oxidation at the Co/AlO x interface. This was induced by the post-oxidation of a wedgedshaped Al top layer ( Fig. 1(a) ). Using this technique, we get access to a low thicknesses range for Co due to the Co partial oxidation in the region where the deposited Al is thin.
The sample has been covered by about 50 nm of a high-k insulator, HfO 2 , deposited using atomic layer deposition. Then an Indium Tin Oxide (ITO) layer was DC sputtered and patterned in electrodes. These transparent electrodes allow to obtain magneto-optical Kerr effect (MOKE) images of the magnetic domains in the Co layer under a gate voltage ( Fig. 1(b) ). Voltages of different magnitudes were applied between this top electrode and the Co layer. Here a positive voltage application induces electrons accumulation at the surface of the Co layer ( Fig. 1(a) ). We used MOKE in polar geometry and recorded images and magnetic hysteresis loops on a single position on the sample through the ITO electrode under different applied voltages ( Fig. 1(b) ). To determine the EF variation of the saturation magnetization M s , we measured the variation of the p-MOKE signal between the two opposite saturated states, for out-of-plane applied magnetic field. The average value of magnetization of the wedged sample has been obtained by measuring M s with a Vibrating Sample Magnetometer-Superconducting Quantum Interference Device (VSM-SQUID). A T c of 366 K was estimated from VSM-SQUID measurements on the sample under study which possesses an averaged Co thickness of 0.49 nm due to partial oxidation of the deposited Co (see Fig. 1 
(a)).
A strong EF dependence of M s is shown in Fig. 1(c) . Such sensitivity of the saturation magnetization is due to the proximity of the T c to the measurement temperature (room temperature). Similar EF control of T c associated with strong M s variations were observed in recent studies [11, 22] . The EF variation of the anisotropy field µ 0 H a is presented in Fig. 1(d) . The anisotropy field µ 0 H a is extracted using Stoner-Wohlfarth fit of the magnetization rotation toward the hard axis direction, on p-MOKE hysteresis loops, for in-plane applied magnetic field. From the measurements of µ 0 H a (V ), we deduced the variations of the effective magnetic anisotropy energy from the formula µ 0
is the effective magnetic anisotropy and K s is the surface magneto cristalline anisotropy. A voltage controlled magnetic anisotropy (VCMA) coefficient [23] β PMA = ∆K s /∆E = 562 ± 102 fJ/(V·m) is obtained. This is larger compared to the usual range obtained for a charge accumulation effect (10-290 fJ/(V·m)) [3, 6, 24, 25] . The enhanced effect is again likely due to the proximity of T c to the measurement temperature.
III. EF VARIATION OF EQUILIBRIUM LABYRINTHINE DOMAINS
As discussed earlier, the analysis of the equilibrium domain configuration has been shown to be one of the ways to study the influence of the EF on different magnetic properties [11, 12] . At zero and negative gate voltages, the domains are blurry due to a very strong thermally induced domain wall motion, as observed in previous works [26] . Thus, in the following we focus our study on positive gate voltages, for which the labyrinthine domains are stable, between 6 V and 14 V. To record the images of labyrinthine states and their variation with the EF, we proceed as follow: under a constant EF, we first saturate the sample with an applied magnetic field, then we turn off the magnetic field and record an image after a waiting time of a few seconds. The images presented in Fig. 2 (a)-(d) correspond to the labyrinthine domains which spontaneously appear due to thermally activated nucleation and domain wall propagation. The labyrinthine domains are clearly and reversibly influenced by the application of an EF. The characteristic labyrinthine domain width L eq is estimated using a 2D Fourier transform of the images in Fig. 2 (a)-(d). In Fig. 2 (e) we present L eq as function of the applied voltage, which shows an increase as a positive voltage is applied to the top ITO electrode. To understand in which way the EF is influencing the domain periodicity, we used an analytical model to describe the domain width L eq in ultrathin films:
where t is the cobalt thickness (which is fixed here to 0.49 nm), K d the dipolar constant
and C is a model-dependent constant [27, 28] of order unity. The experimental domain wall energy σ ω in Fig. 2(f) is deduced using the measured L eq and M s values. We find domain wall energies σ ω around 1.3 − 1.6 mJ/m 2 for the range of voltages under study, which is consistent with earlier studies [29] .
IV. EF VARIATION OF DMI
In the presence of sufficiently strong DMI, the domain wall is of Néel type with a sense of rotation which lowers the domain wall energy [30] :
where D = D s /t stands for the bulk DMI constant and is expressed in J/m 2 , while the surface DMI value D s is expressed in J/m. We see that in order to extract D using the measured σ w and K ef f values it is necessary to know the exchange constant A ex . We have used two values for A ex . The first value A ex =7.5 pJ/m (for V=0 V) was deduced from a fit using Kuzmin formula [31] of the temperature dependence of M s in our sample measured by VSM-SQUID.
This reduced value is coherent with recent studies [32] . The second value A ex =16 pJ/m (for V=0 V) is a value corresponding to bulk thin Co films [33] . The fact that the value of A ex extracted from our VSM-SQUID measurements is lower than the bulk Co value is linked to the low T c of our sample (366 K) and coherent with the low M s value. For the same reason we can expect A ex to be influenced by EF as it was already suggested by previous studies [11] [12] [13] . We present the different deduced energy terms and their EF variation in Fig. 3 . The total domain wall energy σ w , also shown in Fig. 2(f) is presented in Fig. 3(b) . In Fig. 3(a) we present two values and variations of the Bloch wall energy σ Bloch ω = 4 A ex K eff deduced from the measured H a and M s and the two values of A ex discussed ealier. A ex is considered to vary with EF as ∆A ex /A ex = 2∆M s /M s , as the general tendency described by mean field approximation is that A ex ∝ M 2 s near T c [34] . Other theoretical studies have found a scaling law of A ex ∝ M 2− s , with being close to 0.2 for low temperatures [35] [36] [37] . Fixing ∆A ex /A ex = 2∆M s /M s is then a good approximation and will give us an upper limit for the variation we can expect for D(V ). From these assumptions we deduce the DMI value and EF variations which are presented in Fig. 3 . The D value at 6 V is ranging between 1.3-2.4 mJ/m 2 depending on the chosen A ex value. We see that EF variation of σ Bloch w ( Fig. 3(a) ) is stronger than the variation of the total wall energy σ w (Fig. 3(b) ) and that an EF variation of D is necessary to compensate this variation ( Fig. 3(c) ).
To discuss the DMI variations under EF, we use the voltage-control DMI (VCDMI) Fig. 4 . It is in the range of β DM I = 1100 -2000 ± 700 fJ/(V·m). In order to compare this result with previous works we give a summary of the different values in Table 1 . 
Conclusion
In conclusion, we were able to deduce a strong EF variation of the magnetic anisotropy energy (β PMA = 562 ± 102 fJ/(V·m)) and of the DM I term (β DMI ∼ 1100 -2000 ± 700 fJ/(V·m)). The strong observed variation of domain size L eq is a result of the combination of variations of every magnetic parameter. The strong β coefficients we were able to deduce for PMA and DMI energies are the result of significantly increased EF effects for measurement temperatures close to T c . 
